Hyperkalemia is known to develop in various conditions including vigorous physical exercise. In the heart, hyperkalemia is associated with action potential (AP) shortening that was attributed to altered gating of K + channels. However, it remains unknown how hyperkalemia changes the profiles of each K + currents under a cardiac AP. Therefore, we recorded the major K + currents (inward rectifier K + current, I K1 ; rapid and slow delayed rectifier K + currents, I Kr and I Ks , respectively) using AP-clamp in rabbit ventricular myocytes. Since K + may accumulate at rapid heart rates during sympathetic stimulation, we also examined the effect of isoproterenol on these K + currents. We found that I K1 was significantly increased in hyperkalemia, whereas the reduction of driving force for K + efflux dominated over the altered channel gating in case of I Kr and I Ks . Overall, the markedly increased I K1 in hyperkalemia overcame the relative decreases of I Kr and I Ks during AP, resulting in an increased net repolarizing current during AP phase 3. β-adrenergic stimulation of I Ks also provided further repolarizing power during sympathetic activation, although hyperkalemia limited I Ks upregulation. These results indicate that facilitation of I K1 in hyperkalemia and β-adrenergic stimulation of I Ks represent important compensatory mechanisms against AP prolongation and arrhythmia susceptibility.
INTRODUCTION
Hyperkalemia is commonly encountered clinically in various physiological and pathological conditions including vigorous physical exercise, ischemia, kidney failure, hemolysis, endocrine diseases and side effects of the pharmacological therapy (Weiss et al. 2017) . Muscle contraction has been shown to cause release of intracellular K + that may lead to marked hyperkalemia especially during strenuous exercise. As a consequence of that, K + concentration in blood plasma may rise up to 8-9 mM during intense physical activity in humans (Hansen et al. 2005; Medbo and Sejersted 1990; Tenan et al. 2010 ). This value is about double of the normal extracellular K + concentration ([K + ] o ), thus it significantly reduces the Nernst potential for K + . However, despite the reduction of driving force for K + efflux that predicts a lengthening of the action potential (AP), hyperkalemia has been shown to shorten cardiac AP (Weidmann 1956 ). On the other hand, hyperkalemia is known to depolarize the cell membrane that alters Na + and Ca 2+ channel availability (steady-state inactivation) and recovery from inactivation influencing cardiac excitability and excitation-contraction coupling (Hansen et al. 2005; Sejersted and Sjogaard 2000) . Moreover, an increase in incidence of atrial fibrillation and ventricular arrhythmias during intense physical activity has been reported (Albert et al. 2000; Manolis and Manolis 2016) . Vigorous exercise especially in untrained subjects but also in top athletes has been associated with sudden cardiac death (Albert et al. 2000; Busuttil 1990; Varro and Baczko 2010) . Even though the pathophysiology of these fatal events is complex, electrolyte abnormalities like hyperkalemia are often listed amongst the factors leading to cardiac electrical disorders. Additionally, the existence of multiple adaptive mechanisms that preserves cellular functions in hyperkalemia underlines the severity of [K + ] o elevation during exercise. Longitudinal studies using either animal models or human volunteers have shown an increase in muscle Na + /K + pump density and its transport capacity, a shift between the α and β isoforms of Na + /K + -pump mRNA expression levels, and a reduction of ATP-sensitive K + channel expression as a consequence of endurance training (Gunnarsson et al. 2013; Murphy et al. 2007 ).
The mechanistic understanding of cellular mechanisms that serves as defence mechanisms against hyperkalemia-induced cardiac arrhythmias has high importance. High [K + ] o is known to facilitate the D r a f t 4 inward rectifier K + current (I K1 ) despite the reduced driving force for K + efflux (Boyett et al. 1980; McAllister and Noble 1966) . Moreover, it has also been reported that the rapid delayed rectifier K + current (I Kr ) but not the slow component (I Ks ) exhibits a similar response to elevated [K + ] o (Chang and Shieh 2013; Matsuda 1991; Sanguinetti et al. 1995; Sanguinetti and Jurkiewicz 1992; Scamps and Carmeliet 1989) . These previous studies characterized the behaviour of different K + channels in various [K + ] o , but did not provide information on the exact profile and contribution of K + currents under a physiological AP. It is well-established that the AP shortening seen in hyperkalemia is a direct effect of K + ions (Weidmann 1956 ), but there is no information on the magnitude of individual K + current contribution to changes in AP morphology under physiologically relevant conditions. The goal of this work was to investigate how ventricular cardiomyocytes maintain sufficient AP repolarization when [K + ] o increases, and driving force for K + is reduced. To understand the mechanism of altered repolarization we studied the effect of hyperkalemia on the profile of the major K + currents during the ventricular AP. We recorded I Kr , I Ks and I K1 using AP voltage-clamp sequential dissection technique
Animal model and cell isolation
Sixteen adult 3-4 months old (all male, 2.5-3 kg) New Zealand White rabbits (Charles River, Wilmington, MA, USA) rabbits were used for experiments. 15-min before terminal surgery, rabbits were injected with heparin (400 U/kg, I.V.) and then anesthetized with isoflurane (3-3.5%) inhalation. After achieving deep anaesthesia, hearts were quickly excised, and placed in a cold Tyrode solution. Then a standard enzymatic technique was used to isolate ventricular cardiomyocytes at 37°C as previously described (Hegyi et al. 2016 ). Briefly, hearts were mounted on a Langendorff apparatus and retrogradely perfused for 3-5 min with oxygenated Tyrode solution to remove blood from the coronary vasculature. Then a Ca 2+ -free Tyrode solution was perfused for 3 min to stop the contraction of the heart. Next, this solution supplemented with 1 mg/ml type II collagenase (Worthington, Lakewood, NJ, USA), 0.05 mg/ml protease type XIV (Sigma-Aldrich, St. Louis, MO, USA), and 50 µM Ca 2+ was perfused for 25-30 min to enzymatically dissociate cells. After perfusion, both atria and the right ventricle were removed, the left ventricle was minced, and cardiomyocytes were then harvested and stored in a modified, bicarbonate- (Horvath et al. 2013) . However, in the present study all AP-clamp experiments have been performed using 10 mM BAPTA in the pipette solution and the extracellular BTY solution was supplemented with 10 μM nifedipine and 10 μM TTX to avoid contamination of the measured K + currents with Na + /Ca 2+ exchanger, L-type Ca 2+ and Na + currents, respectively (Hegyi et al. 2018b ). Under AP-clamp, all ionic currents were recorded as difference currents after each specific blocker had reached its steady-state effect (2-min perfusion). Sixty consecutive traces were recorded (to evaluate the stability) and averaged in each case before applying a drug (reference current) and 2-min after drug application (compensation current). The following sequence of drugs was used to measure the major K + currents during phase 3 repolarization of the AP: 1 µM HMR-1556 for I Ks (Thomas et al. 2003) , 1 µM E-4031 for I Kr (Wettwer et al. 1991) , and 100 µM Ba 2+ for I K1 (Alagem et al. 2001) . When studying the effect of β-adrenergic stimulation, 10 nM isoproterenol was added to the perfusion solution and after it reached a steady-state effect (3-min), the K + current inhibitors were added to the perfusion solution in a cumulative manner. Experiments were excluded from analysis if membrane current did not reach steady-state.
Ionic currents were normalized to cell capacitance, determined in each cell using short (10 ms) hyperpolarizing pulses from −10 to −20 mV. Cell capacitance was 140.58±1.26 pF (n=74 cells/16 animals).
Chemicals and reagents were purchased from Sigma-Aldrich if not specified otherwise. E-4031 and HMR-1556 were from Tocris Bioscience (Bristol, UK).
Statistical analysis
Data are expressed as Mean±SEM. The number of cells in each experimental group was reported as n = number of cells/number of animals. Statistical significance of differences was evaluated using Student's paired t test and ANOVA with Bonferroni correction as appropriate. Differences were deemed significant if p<0.05. repolarization (APD 90 ) was significantly shortened in 8K vs. 4K. The difference in APD 90 was smaller at high pacing rates and the frequency response of APD 90 was less prominent in 8K (Fig. 1B) . Resting membrane potential (V rest ) was more positive in line with the change in Nernst-potential for K + (Fig. 1C) . Accordingly, the AP peak voltage (V peak ) and maximal upstroke velocity (dV/dt max ) significantly decreased in 8K, consistent with the decreased availability of Na + channels at depolarized V rest . But importantly, the maximum rate of repolarization (−dV/dt max ) increased by 75% in 8K (Fig. 1D) .
RESULTS

Hyperkalemia shortens action potential duration and increases the rate of repolarization
Hyperkalemia increases outward I K1
Next, we examined the mechanism of I K1 facilitation shown in Fig. 2 . In the following experiments I K1 was measured as Ba 2+ -sensitive current under a slow voltage ramp ( Fig. 2A) . Hyperkalemia shifted the reversal potential of the measured current to more positive values as expected from the change in Nernst-D r a f t potential for K + . However, despite the reduced driving force for K + , 8K markedly increased outward I K1 .
The peak outward I K1 density was increased by 45% in 8K versus 4K (3.00±0.08 pA/pF vs. 4.32±0.12 pA/pF) as shown in Fig. 2B . The reversal potential and the membrane potential where I K1 peaked were shifted by 17.52±1.04 mV and 20.98±0.85 mV, respectively. The increased inward I K1 followed the shift of Nernst-potential for K + (Fig. 2C,D) and the slope of the inward I K1 did not change in 8K vs. 4K. In contrast to the inward I K1 , the outward I K1 was markedly enhanced in 8K when determined at −50 mV (Fig. 2D) . I K1 (measured as Ba 2+ -sensitive current) was markedly increased under AP-clamp in 8K vs. 4K as shown in Fig. 3A . I K1 reached higher peak at earlier time i.e. at more positive membrane potential. This increased current provided the extra repolarizing power that facilitated AP repolarization shown in Fig. 1C . Moreover, the positive shift in Nernst-potential for K + resulted in a large inward current at diastolic potential of -86 mV (+0.81±0.39 pA/pF vs. −9.19±1.34 pA/pF in 4K and 8K, respectively). I Kr (measured as E-4031-sensitive current) started to increase during phase 2 and peaked during phase 3 of the AP (Fig. 3B) . The peak I Kr density was reduced from 0.96±0.03 pA/pF in 4K to 0.64±0.04 pA/pF in 8K; however, the profile of I Kr under AP-clamp did not change significantly. Baseline I Ks (measured as HMR-1556-sensitive current) was a small current under AP plateau, and it was further decreased in 8K D r a f t vs. 4K (0.24±0.02 pA/pF vs. 0.19±0.01 pA/pF; Fig. 3C ).
β-adrenergic receptor stimulation using 10 nM isoproterenol (ISO) did not affect I K1 significantly in either 4K or 8K when [Ca 2+ ] i was buffered with 10 mM BAPTA in the pipette (Fig. 3D) . I Kr also did not change after ISO stimulation (Fig. 3E) . On the contrary, I Ks was significantly upregulated upon ISO application both in 4K and in 8K (Fig. 3F) (Fig. 3G-I) . reduced I Ks by 24% and 42% in control and 10 nM ISO, respectively. Nonetheless, the total charge carried by I Ks in 10 nM ISO and in 8K was increased to 194% of that measured in 4K and in basal condition. 8K increased I K1 in both control and 10 nM ISO in a similar extent compared to that measured in 4K (Fig. 4A) . These data indicate that I Ks can compensate the hyperkalemia-induced reduction in repolarizing power of I Kr only following sympathetic activation. However, I K1 is still able to provide considerable extra repolarizing power in the absence of sympathetic stimulation.
Since repolarizing K + currents have different profile under AP, we analysed the relative contribution of these currents to the net repolarizing current at different AP voltages (+20, −20 and −60 mV). Despite the strong rectification of I K1 at potentials positive to the resting potential, I K1 was still the largest repolarizing current during the phase 3 of the AP. I Kr also significantly contributed to phase 3 D r a f t repolarization (Fig. 4B) . Even though I Kr was diminished in 8K, this reduction was not only compensated by the I K1 facilitation, but the sum of the repolarizing K + currents was increased by 65% at this phase of repolarization (Fig. 4B) . I K1 and I Kr provided almost entirely the repolarizing power during phase 3 of the AP (at −20 mV & −60 mV) under basal condition; however, the relative contribution of I Ks to the net repolarization was markedly increased following β-adrenergic stimulation especially during the AP plateau phase (at +20 mV; Fig. 4C ). Similar to that seen in control, hyperkalemia reduced I Ks in 10 nM ISO, but the absolute magnitude of I Ks was still higher than that measured in control under AP-clamp (Fig. 4B,C) . These data indicate that I Ks becomes an important contributor of the defence mechanism against hyperkalemia during sympathetic stimulation.
DISCUSSION
Effect of hyperkalemia on K + currents
The goal of this project was to gain mechanistic insight on the electrophysiological adaptation of ventricular cardiomyocytes to hyperkalemia. Here we showed that I K1 is markedly upregulated, but I Kr and I Ks are downregulated in hyperkalemia under the AP (Fig. 3) . We found that the extent of I K1 upregulation exceeded the reduction of I Kr and I Ks . Therefore, despite the reduced driving force for K + efflux in hyperkalemia, the net repolarizing current was increased (Fig. 4) and the APD was shortened (Fig. 1) .
Facilitation of I K1 in elevated [K + ] o due to increased single-channel conductance of K ir channels has already been reported in previous studies employing rectangular voltage clamp protocols (Boyett et al. 1980; Liu et al. 2011; McAllister and Noble 1966) . [K + ] o also affects the rectification of I K1 resulting in increased outward I K1 density which was attributed to the competition between Mg 2+ and K + binding (Matsuda 1991) . Our data provide the first experimental evidence to prove that these mechanisms are effectively facilitate I K1 under the ventricular AP (Figs. 2-3 ).
Increased [K + ] o has also been reported to increase I Kr in Xenopus oocyte expression system (Sanguinetti et al. 1995 ), but we found that hyperkalemia actually reduced I Kr peak density under AP-D r a f t clamp in rabbit. This conflicting result can be explained by the substantial differences between the experimental model and conditions used in these studies. Sanguinetti et al. used a Xenopus oocyte expression system, whereas we used freshly-isolated adult rabbit ventricular cardiomyocytes. Besides the important differences between the compositions of extra-and intracellular solutions used, the voltage protocols were also conceptually different. Sanguinetti et al. recorded I Kr with a conventional voltage clamp protocol, using 4 s long rectangular depolarization steps with 1-3 pulse/min pacing rate to study the activation and the deactivation of I Kr . The long depolarizing and interpulse intervals are critical for the complete transition of the whole channel population to uniform states (equilibrium condition) but these conditions differ markedly from that present in beating heart. We used AP voltage-clamp technique, when a prerecorded, 200-ms long physiological rabbit AP was applied as voltage command at much higher pacing rate (120 pulse/min). Under these conditions the channel population has no time for complete deactivation, therefore, the increasing magnitude of the current is explained predominantly by accumulation and not activation of the current (non-equilibrium condition) (Rocchetti et al. 2001 ). The traditional square-pulse voltage protocol used by Sanguinetti et al. is a precise biophysical approach aiming to understand the gating mechanism of individual channels, whereas our approach measures the actual current during an AP to gain functional insights on the role of each current in shaping the AP (Chen-Izu et al. 2017) . Our data indicates that the decreased driving force for K + efflux during AP overcomes the stimulatory effect of hyperkalemia on I Kr gating. This is in line with another publication of Sanguinetti et al. (Sanguinetti and Jurkiewicz 1992) , where they demonstrated that native I Kr showed much lower [K + ] o -dependence than the hERG channels in heterologous expression systems. Note that the exact physiological profile and magnitude of both I Kr and I Ks under AP crucially depend on the timing and the plateau voltages of the AP which require further investigation.
Effect of β-adrenergic stimulation on K + currents in hyperkalemia
Vigorous physical exercise is associated with increased cardiac output with higher sympathetic tone present. Activation of β-adrenergic receptors is known to upregulate L-type Ca 2+ current (Hegyi et al. Szentandrassy et al. 2012) and late Na + current (Hegyi et al. 2018a ) which enhance depolarization drive; however, the APD is still usually shortened because of the substantial K + current upregulation (Banyasz et al. 2014; Hegyi et al. 2018b; Ruzsnavszky et al. 2014) . Hence, we repeated our experiments in the presence of 10 nM ISO to investigate the impact of β-adrenergic stimulation on the adaptive mechanism to hyperkalemia. Our data indicate that I Kr and I K1 were the two dominant repolarizing currents during AP under baseline conditions, but these currents were not significantly modulated by ISO treatment (Fig. 3) . This later finding is in contrasts with previous studies reported slightly increased I Kr and I K1 following β-adrenergic stimulation ( (Banyasz et al. 2014; Harmati et al. 2011) . One possible explanation for this discrepancy can be the Ca 2+ -dependence of these currents. I K1 has been shown to be increased acutely by the Ca 2+ /calmodulin-dependent protein kinase II (CaMKII) (Hegyi et al. 2019a; Wagner et al. 2009) , which is also known to get activated during β-adrenergic stimulation (Hegyi et al. 2018a ). Similarly, I Kr can be upregulated by Ca 2+ -dependent protein kinase C (PKC) (Heath and Terrar 2000); however, others reported that PKC decreased I Kr (Cockerill et al. 2007) . In this study we buffered [Ca 2+ ] i below its physiological diastolic level using 10 mM BAPTA in the pipette that might have masked these regulations.
In line with previous reports (Banyasz et al. 2014; Rocchetti et al. 2006; Ruzsnavszky et al. 2014; Sala et al. 2018; Szentandrassy et al. 2012) , 10 nM ISO markedly increased I Ks peak density and moving charge to 268% and 331% of control, respectively (Fig. 3) . Increasing [K + ] o from 4 mM to 8 mM reduced I Ks in a similar extent both in control and following ISO stimulation (I Ks peak density decreased by 19% and 17%; respectively). However, following ISO stimulation the net charge of I Ks in 8K was still larger than that of I Kr in any conditions measured in our study. These data suggests that both I Kr Transient outward K + current (I to ) was not studied here, but it also significantly contributes to AP repolarization and APD response to β-adrenergic stimulation (Sala et al. 2018; Szentandrassy et al. 2012) .
Therefore, the regulation of I to by hyperkalemia and the way it influences the transmural dispersion of ventricular repolarization are important questions to be tested in the future. Moreover, it also has been demonstrated previously that functionally distinct Na + channels in different transmural regions of the left ventricle also significantly contribute to the APD response to hyperkalemia (Cordeiro et al. 2008) . The depolarization of the resting membrane potential in hyperkalemia reduces the availability and recovery from inactivation kinetics of Na + and L-type Ca 2+ channels influencing APD, conduction velocity (Weiss et al. 2017 ), but also Ca 2+ cycling and signaling in cardiomyocytes (Bers 2008), which requires further investigation.
Importantly, under pathological conditions characterized by reduced repolarization reserve (Bebarova et al. 2017; Hegyi et al. 2018b; Hegyi et al. 2018c; Lengyel et al. 2007; Varro and Baczko 2011) , the significantly decreased I K1 and I Ks may not be able to compensate for the reduced driving force for K + in hyperkalemia and the risk of arrhythmias can be further increased.
CONCLUSIONS
In this study we characterized the role of 3 major K + currents (I Kr , I Ks and I K1 ) in the adaptation of ventricular myocyte to hyperkalemia. We found that reduced driving force for K + combined with altered ion channel gating results in a net reduction for I Kr and I Ks and a marked increase for I K1 in hyperkalemia.
Furthermore, we demonstrated that increased I K1 in hyperkalemia is able to overcome the decreases of I Kr and I Ks during ventricular AP, thus increasing the net repolarizing current in phase 3 of the AP. β- 182x58mm (600 x 600 DPI)
